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Heel-Strike  Generator  Using  Electrostrictive  Polymers 

SRI  International  (SRI)  is  pleased  to  submit  this  final  report,  ITAD-3494-FR-02-123,  SRI 
project  EMU  3494,  Heel-Strike  Generator  using  Electrostrictive  Polymers,  to  the  Army  Research 
Office  (ARO)  and  Defense  Advanced  Research  Projects  Agency  (DARPA). 

1  STATEMENT  OF  THE  PROBLEM  STUDIED 

SRI  investigated  ways  to  harvest  otherwise  wasted  energy  from  walking.  The  recovered  energy, 
potentially  on  the  order  of  1-2  W  per  boot,  can  be  used  by  a  solder  to  supplement  battery  power,  as 
an  emergency  backup  source  of  power,  for  specialized  on-board  boot  functions  such  as  inertia 
navigation,  and,  in  the  future,  to  enhance  walking  and  other  mobility  performance.  The  approach 
used  by  SRI  exploited  electroactive  polymers  (EAPs),  rubbery  materials  that  generate  electrical 
power  when  stretched  and  contracted. 

2  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 

The  project  produced  several  important  results.  First  and  perhaps  foremost  for  future  DoD 
applications,  we  demonstrated  that  electroactive  polymers  can  function  as  powerful  generator 
materials.  Prior  to  this  project,  electroactive  polymers  (non-piezoelectric)  had  been  investigated  by 
SRI  and  others  only  as  actuator  materials.  Their  use  for  generator  functions  was  only  theoretical  at 
the  start  of  the  project,  but  we  showed  that  certain  polymers,  such  as  acrylic  elastomers,  were 
amongst  the  most  powerful  generator  materials  known,  particularly  in  terms  of  generated  energy 
output  per  unit  weight  of  material.  Generator  energy  densities  as  high  as  0.4  J/g  were  recorded,  a 
value  we  believe,  based  on  the  available  literature,  to  be  the  highest  ever  recorded.  In  addition  to  our 
experimental  work,  we  developed  and  tested  the  theory  of  operation  of  the  EAPs  as  generator 
materials,  and  showed  that  good  agreement  existed  between  theory  and  experiment.  This 
fundamental  work  in  EAP  generator  materials  and  systems  is  a  valuable  legacy  of  the  project 
because  it  will  enable  other  DoD  applications  to  be  developed  from  a  solid  theoretical  and 
experimental  foundation.  Indeed,  work  is  already  in  progress  on  novel  DoD  applications  in  which 
electroactive  polymers  are  used  for  integrated  polymer  engine-generators. 

A  second  important  result  of  the  project  was  the  demonstration  of  good  output,  up  to  0.8  J/step, 
in  a  heel-strike  generator.  At  the  start  of  the  project,  the  state  of  the  art  in  shoe  generators  produced 
output  measured  in  a  few  tens  of  millijoules  at  best.  Thus,  the  project  showed  that  attractive  levels 
of  power  from  boot  generators  can  be  achieved  with  compact,  lightweight  polymers  that  are  low 
cost  and  well  suited  for  boots  (unlike,  for  example,  brittle  ceramic  piezoelectrics). 

A  third  important  result  of  the  project  was  the  development  and  testing  of  various  mechanical 
designs  for  the  heel-generator.  These  included  diaphragm  and  contour-based  stretching  (CBS) 
designs  (see  Figure  1),  with  numerous  variations  within  those  general  classes.  Heel-strike 
diaphragm  generators  with  up  to  20  layers  of  EAP  were  successfully  demonstrated.  Although  these 
diaphragm  devices  achieved  good  performance,  leakage  of  the  oil  used  to  hydraulically  stretch  the 
diaphragms  during  heel-strike  was  problematic.  More  recently,  SRI  successfully  demonstrated  the 
use  of  a  soft  gel  instead  of  oil  as  the  hydraulic  medium.  This  approach  appears  promising  for  future 
heel-strike  generators,  particularly  because  soft  gels  are  already  used  in  some  commercial  shoe  pads. 
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Diaphragm  devices  were  also  used  to  demonstrate  the  good  durability  of  the  generator.  Although 
durability  was  initially  a  problem,  we  demonstrated  diaphragms  in  more  than  32  hours  of  continuous 
operation.  Good  durability  is  achievable  if  the  generator  is  operated  within  certain  strain-voltage 
constraints.  Less  testing  was  done  with  the  CBS  designs,  but  CBS  generators  also  gave  good  energy 
output,  comparable  to  that  of  diaphragm  devices.  The  CBS  generators  were  very  lightweight 
because  they  did  not  include  oil  and  bellows.  However,  less  is  known  about  their  durability  and 
stress  concentrations  from  the  stretching  surfaces  may  be  an  issue. 


Diaphragm 

Generators 


Figure  1.  Diaphragm  and  CBS  Boot  Generators 


A  fourth  major  result  of  the  project  was  in  the  area  of  electronics.  The  boot  generator  requires 
the  initial  generation  and  manipulation  of  high  voltage,  and  because  most  applications  require  low 
voltage  output,  the  generator  electronics  must  also  step  down  the  high  voltage  output  by  the  EAP, 
We  successfully  addressed  the  initial  generation  of  high  voltages  by  using  a  number  of  techniques 
such  as  charge  pumping.  We  also  demonstrated  efficient  (70-80%)  step-down  of  high  voltage  but 
not,  unfortunately,  in  a  heel-size  circuit.  The  step-down  problem  was  traced  to  the  lack  of 
commercially  available  low-power,  high-voltage  transistors.  Although  the  transistor  problem  was 
not  fully  addressed  in  the  project,  discussions  with  transistor  companies  showed  that  the  problem 
was  not  fundamental;  instead,  the  lack  of  appropriate  transistors  merely  reflected  current  transistor 
markets.  It  should  therefore  be  feasible  in  future  work  on  EAP  boot  generators  to  obtain  custom- 
built  low-power,  high-voltage  transistors  that  can  be  used  to  make  heel-size  electronics  for  the 
generator. 

Lastly,  we  note  that  work  on  this  project  has  been  successfully  transitioned  to  the  next  stage  of 
development.  SRI  is  currently  working  closely  with  a  commercial  manufacturer  to  solve  the 
remaining  technical  and  manufacturing  issues  with  the  goal  of  developing  a  commercial  product. 
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